To explore the dynamics of snRNP structure and function, we have studied Cus1p, identified as a suppressor of U2 snRNA mutations in budding yeast. Cus1p is homologous to human SAP145, a protein present in the 17S form of the human U2 snRNP. Here, we define the Cus1p amino acids required for function in yeast. The segment of Cus1p required for binding to Hsh49p, a homolog of human SAP49, is contained within an essential region of Cus1p. Antibodies against Cus1p coimmunoprecipitate U2 snRNA, as well as Hsh155p, a protein homologous to human SAP155. Biochemical fractionation of splicing extracts and reconstitution of heatinactivated splicing extracts from strains carrying a temperature-sensitive allele of CUS1 indicate that Cus1p and Hsh155p reside in a functional, high-salt-stable complex that is salt-dissociable from U2 snRNA. We propose that Cus1p, Hsh49p, and Hsh155p exist in a stable protein complex which can exchange with a core U2 snRNP and which is necessary for U2 snRNP function in prespliceosome assembly. The Cus1p complex shares functional as well as structural similarities with human SF3b.
Pre-mRNA splicing is catalyzed by a large ribonucleoprotein complex called the spliceosome. Several RNA molecules and many proteins are essential for splicing, assisting in spliceosome assembly, spliceosome activation, and conformational rearrangements before the actual transesterification reactions occur. An ordered assembly pathway for the construction of the spliceosome, including numerous points at which ATP hydrolysis is required, provide a rich sequence of biochemical events that is carried along in part by the action of splicing proteins (for reviews, see references 29 and 39) .
Proteins that act during splicing have been identified by both biochemical and genetic means. In mammalian systems, splicing proteins have operationally been classified as small nuclear ribonucleoprotein particle (snRNP) proteins (that remain associated with a particular snRNA during biochemical fractionation) or splicing factors (that are transiently associated with snRNAs) (29, 39) . Upon closer inspection, a number of splicing proteins cannot be classified by this simple operational distinction. For example, two multimeric protein factors required for prespliceosome assembly in mammalian cell extracts, SF3a and SF3b, can be separated from snRNAs and purified as discrete protein complexes that function in prespliceosome assembly (13, 28) . Surprisingly, SF3a and SF3b subunits comprise seven of the nine salt-dissociable proteins identified in the 17S form of the U2 snRNP, the form that is recruited to the pre-mRNA during spliceosome assembly (8, 12, 30) . The SF3a and SF3b proteins are also found in preparations of assembled spliceosomes, and most can be crosslinked to regions near the pre-mRNA branch point within the assembled spliceosome (10, 20, 38) . The SF3a polypeptides are SAP61, SAP62, and SAP114, and the four known SF3b polypeptides are SAP49 SAP130, SAP145, and SAP155 (reviewed in reference 29). Thus, SF3a and SF3b are protein complexes with biochemical characteristics of splicing factors but which associate specifically with the free U2 snRNP under splicing conditions and remain as part of the spliceosome after U2 snRNP has been recruited. The SF3b proteins are also associated with the minor spliceosome, which has the U12 snRNP in place of U2 snRNP (44) .
In contrast, Saccharomyces cerevisiae splicing factors have been discovered mainly through genetic approaches but have led independently to a similar set of proteins (29, 39) . For example, PRP9 and PRP11 were identified among Hartwell's original temperature-sensitive mutations (originally called RNA9 and RNA11 [24] ), and PRP21 was identified as a suppressor of prp9-1 (17) , as well as in a search for temperaturesensitive splicing mutations (4, 40) . The products of these three genes are similar to human SF3a subunits: Prp21p corresponds to SAP114, Prp9p corresponds to SAP61, and Prp11p corresponds to SAP62 (29, 39) . Identification of yeast proteins similar to human SF3b subunits has occurred more recently, aided by the completion of the yeast genome. Cus1p was identified genetically by its ability to suppress U2 snRNA mutations and is similar to human SAP145 (19, 43) . Hsh49p is an essential yeast protein homologous to SAP49 (26) . A yeast protein similar to SAP155, which we refer to here as Hsh155p, has been identified (18, 37, 41) . Rse1p is a conserved protein associated with the U2 snRNP (16) and is structurally related to human SAP130 (16, 18) . The sequence similarities between the yeast proteins and their mammalian counterparts, as well as several examples of parallel protein-protein interactions (26, 29) , have led to the hypothesis that these proteins function in a similar fashion in both yeast and mammals. Although numerous protein-protein interactions (18) , phosphorylation events (41) , and protein-RNA cross-links (19) have been described, exactly how human SF3b promotes spliceosome assembly and splicing remains mysterious.
In this study, we focus on Cus1p and provide evidence that the minimum portion of Cus1p required for viability in yeast contains the region of significant homology to human SAP145. The part of Cus1p required for binding to Hsh49p is contained within this essential conserved region but does not include the amino acid altered in the U2 suppressor protein Cus1-54p.
Cus1p is physically associated with a fraction of U2 snRNA in splicing extracts and is efficiently associated with Hsh155p, the yeast protein similar to SAP155. Pre-mRNA becomes detectably associated with Cus1p before the first step of splicing and remains associated through the second step. Biochemical complementation studies using heat-inactivated splicing extracts from a cus1 temperature-sensitive mutant demonstrate that Cus1p functions as part of a protein complex which includes Hsh155p. This Cus1p complex dissociates from the U2 snRNP in a salt-sensitive fashion. These experiments reveal significant functional similarities between the Cus1p complex and human SF3b and suggest that the roles of these proteins in the function of the branch point binding snRNPs are similar in the yeast and human major and minor spliceosomes.
MATERIALS AND METHODS
Plasmid constructs. All recombinant DNA manipulations were carried out as described previously (6) . Yeast manipulations were also carried out in accordance with standard techniques (21) . To create the CUS1 deletion series clones, an NdeI site was generated at the Cus1p start codon by site-directed mutagenesis (31) to make pRS314-CUS1Nde. Oligonucleotides containing NdeI (N termini) or XhoI (C termini) restriction sites were used to produce deletions of CUS1 with start and stop codons at the desired positions by PCR. These plasmids were transformed into a cus1::HIS3 knockout strain carrying wild-type CUS1 on a URA3 plasmid (43) . Transformants that arose on synthetic complete dextrose medium (SCD)-His-Trp plates were replica plated onto 5-fluoroorotic acid (5-FOA)-Trp-His to check viability at different temperatures.
Temperature-sensitive cus1 allele. A fragment spanning the open reading frame of CUS1 was amplified by mutagenic PCR (14) . The PCR product was cotransformed into the cus1::HIS3 knockout strain along with a gapped linear fragment carrying pRS314-CUS1 without a coding region, in order that functional pRS314-CUS1 could only be regenerated by incorporation of a mutagenized copy of the CUS1 coding region. Transformants were replica plated onto 5-FOA to select for cells that had lost the URA3 plasmid. Cells that grew on 5-FOA were replica plated at different temperatures. DNA was recovered from colonies unable to grow at 34°C, and temperature-sensitive phenotypes were verified by retransformation and testing for temperature-sensitive in vitro splicing defects. One plasmid, designated cus1-3, carries 14 mutations in the CUS1 coding region that predict 10 amino acid substitutions (see Fig. 1A ).
Two-hybrid assay. The pACT2-CUS1 fusion plasmid, the pAS2-HSH49 fusion plasmid, and the URA3 control plasmids were as described previously (26) . Deletions of CUS1 within the pACT2-CUS1 plasmid were made by utilization of restriction sites that maintained the open reading frame of the fusion. Pairs of constructs were cotransformed into yeast strain Y190 (7, 23) . Multiple transformants from each pairwise combination of plasmids were streaked on a grid, grown and overlaid with 0.5% agarose-0.5 M NaPO 4 (pH 7.0)-0.1% sodium dodecyl sulfate (SDS)-2% dimethyl formamide-0.2% (wt/vol) X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), and incubated at 37°C.
Protein-protein interactions. Regions of Cus1p that interacted with Hsh49p in two-hybrid assays were cloned into pET24b (Novagen). Expression of these Cus1p fragments in Escherichia coli BL21 was confirmed by Western blot analysis (22) . pGEX2t-Hsh49p was subcloned as previously described (26) . The proteins were extracted after induction and incubation at 30°C for 3 h as previously described (26) . Expression of glutathione S-transferase (GST)-Hsh49p and GST was checked by Western blot analysis utilizing anti-GST monoclonal antibody (gift from Santa Cruz Biotechnology). The in vitro protein-protein interaction assay was performed essentially as described previously (26) .
Protein purification and polyclonal antibody production. The CUS1 coding sequence was amplified with an NdeI site at the start codon and cloned into pET24b to produce an untagged protein. The plasmid was transformed into the E. coli strain BL21, and colonies were screened for optimal protein production. Cultures were grown to an A 595 of 0.6 and induced with 10 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 3 h at 37°C. Cells were pelleted by centrifugation and resuspended in 0.1 volume of HK100 (0.05 M HEPES [pH 7.5], 100 mM KCl) buffer. Triton-X (to 0.1%) and lysozyme (to 0.1 mg/ml) were added, and the mixture was incubated at 30°C for 20 min, put on ice, sonicated, and centrifuged at 10,000 rpm for 10 min at 4°C in a Sorvall SS-34 rotor. The lysate was loaded onto cation-exchange resin Bio-Rex70 (Bio-Rad), washed with 5 column volumes of HK100 and then 2 volumes of HK400 (0.05 M HEPES [pH 7.5], 400 mM KCl), and eluted with HK700 (0.05 M HEPES [pH 7.5], 700 mM KCl). Approximately 90% purification was achieved with this protocol. Protein was concentrated with Centriprep30s (Amicon) and loaded onto a 10% denaturing Tris-glycine acrylamide gel. Side strips of the gel were stained with Coomassie blue dye to locate the protein. The strip of gel containing Cus1p was cut out, and protein was electroeluted and injected into a rabbit (22) . Polyclonal anti-Cus1p antibody was affinity purified by binding rabbit serum to denatured recombinant Cus1p on nitrocellulose strips, washing, and eluting bound antibody with glycine (22) . The antibody was determined to be specific for Cus1p through detection of recombinant Cus1p, native yeast Cus1p, and Cus1p-His 6 in whole-cell extracts of yeast by Western blotting (data not shown).
Immunoprecipitation and Western blotting. Immunoprecipitation experiments were performed essentially as described before (42 , and 400 l of a 50% slurry was incubated with preimmune serum or anti-Cus1p serum for 3 h at 4°C. Beads were washed three times with HK150 with 5-min incubations on ice between washes. Aliquots of 50% slurry (40 l) were incubated with 100 l of yeast splicing extract or yeast protein preparation (6) and incubated at 4°C for at least 3 h. Beads were collected and washed three times in HK150 as described above. Proteins were eluted by suspension in 20 l of SDS loading dye and separated on SDS-10% polyacrylamide gels.
Western blots (22) were blocked in 3% bovine serum albumin in Tris-buffered saline-Tween (TBST) for 30 min at room temperature, probed with primary antibody in the same solution for 1 h at room temperature and washed in TBST for 30 min, and then secondary antibody was added for 1 h at room temperature. Blots were washed in TBST, and proteins were visualized with 5-bromo-4-chloro-3-indolyl phosphate-nitroblue tetrazolium (NBT-BCIP). Anti-Cus1p antibody was used at a dilution of 1:10,000 for detection of Cus1p. Monoclonal antibody 9E10 directed against the myc epitope (gift from Santa Cruz Biotechnology) was used at a dilution of 1:2,000 for detection of Hsh155-Mycp.
Immunoprecipitated snRNA was isolated by the addition of 200 l of RNA elution buffer (0.3 M Na acetate [pH 5.2], 0.2% SDS, 1 mM EDTA, 10 g of proteinase K/ml) to the beads and incubation at 65°C for 10 min, followed by phenol extraction and ethanol precipitation. Primer extension was performed as described previously (45) with oligonucleotides complementary to U1, U2, U4, U5, and U6 snRNAs.
Association of Cus1p with pre-mRNA was evaluated by coimmunoprecipitation of pre-mRNA with anti-Cus1p antibody. Splicing reaction mixtures were incubated for 20 min at 23°C and added to protein A-Sepharose prebound to anti-Cus1p antibodies or preimmune serum from the same rabbit as described previously (42) .
Splicing extract preparation, splicing, and complex formation. Extract preparation was performed as previously described (43) . Strains were grown at 26°C until saturation, diluted to an A 600 of 0.05, and grown to an A 600 of 2.8 to 3.5. Splicing assays (43) and oligonucleotide ablation (33, 42) were performed as previously described.
Fractionation of yeast splicing extracts. Chromatography of splicing extracts on a Superose6 gel filtration column (Pharmacia) was done as follows: 500 l of splicing extract was run through a Spin-X 100 column to remove aggregated proteins. This filtrate was passed over the Superose6 column with a flow rate of 0.2 ml of buffer D150 or D500 (buffer D with 150 or 500 mM KCl) per ml, with collection volumes of 0.5 ml. Fractions were concentrated to 200 l with Microcon10 centrifugal concentrators (Amicon). Even-numbered fractions were assayed for Cus1p and Hsh155-mycp by gel electrophoresis and Western blotting. To test for Cus1p activity, an aliquot of splicing extract from the temperaturesensitive cus1-3 strain was heat inactivated at 36°C for 1 h and placed on ice. Then, 2 l of each fraction was added to 2 l of heat-inactivated cus1-3 extract in a 10-l splicing reaction volume and incubated for 30 min at room temperature. Extracts were derived from wild-type strain HI227 (43), the cus1-3 strain described above, and a derivative of strain EJ101 (27) carrying Hsh155-mycp, the product of an allele of HSH155 (also called ySAP155) with 13 C-terminal copies of the myc tag. This last strain was constructed by the PCR tagging method of Longtine et al. (32) .
RESULTS
Essential Cus1p amino acids correspond to those shared among Cus1/SAP145 family members. Cus1p is similar to SAP145 from humans (19, 43) , as well as proteins predicted from cDNAs derived from Caenorhabditis elegans and Arabidopsis thaliana (Fig. 1A) . The region of homology between the yeast and metazoan proteins comprises approximately 200 amino acids and is about 43% identical and 65% similar at positions shared by all. To explore the relationship between this structural conservation and the functional requirement for Cus1p in growth and splicing (43), we defined the region of CUS1 required for viability in yeast. A series of partial CUS1 deletions was tested for their ability to rescue a lethal cus1:: HIS3 knockout allele ( Fig. 1A and data not shown). Whereas an N-terminal deletion to amino acid 121 rescues a lethal CUS1 disruption, further deletion to position 171 does not. Deletion of the carboxy-terminal 40 amino acids (to residue 392) rescues the cus1::HIS3 disruption, but deletion past residue 368 is lethal. Nearly half of the last 59 residues of Cus1p are acidic (23 are E or D) (Fig. 1A) . The nonlethal deletion to position 392 removes 12 of these. The lethal deletion to position 368 removes additional glutamate residues that are shared among all family members (Fig. 1A) . Therefore, the elements of Cus1p required for normal growth are contained within amino acids 121 to 392 and correspond to the most highly conserved region of Cus1p. We conclude that the conserved elements of Cus1p structure are required for function in yeast and likely in metazoans as well. A distinct region of Cus1p is required for the interaction with Hsh49p. Full-length Cus1p binds Hsh49p both in vivo and in vitro (26) . To map the region of Cus1p required for the interaction with Hsh49p, we used the two-hybrid system (7, 11, 34) and verified our findings by an in vitro protein binding assay (see below). GAL4-DNA binding domain-Hsh49p fusion protein was expressed with different segments of CUS1 fused to the GAL4 activation domain in yeast carrying a GAL-regulated lacZ gene, and ␤-galactosidase activity was assayed on plates (Fig. 1B) . The derivatives containing amino acids 1 to 311 or 229 to 437 of Cus1p are sufficient for the interaction with Hsh49p ( Fig. 1B; region marked on Fig. 1A) , suggesting that the 82 amino acids between positions 229 and 311 represent the Hsh49p interaction domain of Cus1p. Although neither construct expressed separately or with other constructs produced a growth defect, the specific pair of two-hybrid plasmids expressing the GAL4 DNA binding domain-full-length HSH49 fusion and the GAL4 activation domain fused to amino acids 229 to 437 of Cus1p demonstrated a severe dominant negative growth defect (and produced strong lacZ reporter expression) (Fig. 1B) . The construct containing only amino acids 229 to 311 failed to support the two-hybrid interaction with Hsh49p, suggesting that either the Hsh49p interaction region of Cus1p requires the support of other Cus1p elements or that this particular fusion protein is unstable or incorrectly folded. The region of Cus1p altered in the Cus1-54p suppressor protein (position 181) is not required for interaction with Hsh49p (Fig. 1B) , suggesting that the mechanism of suppression does not directly involve changes in association of these subunits with each other.
To confirm that the two-hybrid results reflect physical interactions, we tested the ability of recombinant derivatives of Cus1p to bind a GST-Hsh49p protein in vitro. Since expression of a Cus1p fragment representing residues 229 to 311 was not detectable in E. coli, we used a slightly larger segment spanning residues 171 to 311 (Fig. 1A) . Association of Cus1p with Hsh49p was assessed by binding to glutathione agarose loaded with either control GST (Fig. 1C, left) or the GST-Hsh49p fusion (Fig. 1C, right) and detected by Western blotting of bound material probed with an anti-Cus1p antibody (see Materials and Methods). Proteins representing full-length Cus1p (lanes 2 and 6) or the Cus1p region spanning residues 171 to 311 (lanes 3 and 7) were not detected when incubated with GST (lanes 1 to 3) but were readily detected after incubation with GST-Hsh49p (lanes 6 and 7). This demonstrates that the region of Cus1p containing amino acids 171 to 311 is sufficient for the interaction with Hsh49p, and we conclude that this region contains the Cus1p element required for binding to Hsh49p. This region is conserved in the metazoan members of the Cus1/SAP145 family (Fig. 1A) , suggesting that the structure of the interface between these two subunits is conserved. In Hsh49, this interaction involves predominantly the first of two RNA recognition motifs (26) .
A fraction of U2 snRNA is bound to Cus1p in splicing extracts. As a suppressor of a cold-sensitive U2 snRNA mutation, Cus1p has clear functional association with U2 RNA. To determine whether Cus1p is physically associated with U2 or other snRNAs, yeast extracts were immunoprecipitated with anti-Cus1p antibody and examined for the presence of snRNAs by primer extension (Fig. 2A) . Only a fraction of U2 snRNA is associated with Cus1p in splicing extracts (Fig. 2A,  lane 3) , and the association is specific, since preimmune serum did not precipitate U2 snRNA (lane 2). The amount of U2 snRNA in the precipitate is less than 10% of that present in the extract, even though the antibody recovers Ͼ90% of the input Cus1p as determined by Western blotting of the immunosupernatant (data not shown). This indicates that only a fraction of total U2 snRNA is immunoprecipitable with Cus1p antibody at 150 mM KCl. Anti-Cus1p antibody also reproducibly precipitates small amounts of U1, U5, and U6 that are not recovered in the preimmune control (compare lanes 2 and 3). This is consistent with the presence of endogenous spliceosomal complexes in the extract and the fact that anti-Cus1p recognizes the spliceosome (see below).
To determine whether the number of Cus1p molecules might be limiting for the immunoprecipitation of U2 snRNA, we used Western blotting and known amounts of recombinant Cus1p to estimate the number of Cus1p molecules per yeast cell (data not shown). This analysis indicates that there are approximately 2,000 molecules of Cus1p per cell. To estimate the number of U2 snRNA molecules in the cell, we compared the ratio of a U2 snRNA primer extension product from a known number of cells to a known amount of a synthetic (T7) mutant U2 snRNA able to produce a different primer extension product (C121U [5] ). This indicates that there are approximately 500 molecules of U2 snRNA in a yeast cell, a number that is consistent with a previous general estimate of snRNA content by Northern blotting (35) . Given this, we can at least conclude that limiting Cus1p does not explain the inefficient precipitation of U2 snRNA. We suggest that the specific interaction between Cus1p and U2 snRNA may be restricted to a functional subset of molecules, their association may be salt labile, or both.
A substantial fraction of Hsh155p is associated with Cus1p in splicing extracts. Identification of a yeast homolog of SAP155 (37, 41) prompted us to ask whether this protein is associated with Cus1p. Although called ySAP155 or ySAP110 by other workers, the designation SAP is in use for other yeast genes not involved in splicing. We refer to this gene as HSH155 (for human SAP homolog 155). The gene is essential (18) ; however, a strain carrying an HSH155 gene with 13 C-terminal copies of the myc epitope is viable, and splicing extracts made from the tagged strain are active (data not shown).
To determine whether Hsh155p is associated with Cus1p, we immunoprecipitated splicing extracts from the strain carrying the HSH155-myc gene with anti-Cus1p antibody and evaluated the presence of tagged Hsh155p by Western blotting with antiMyc antibody (Fig. 2B) . To evaluate the fraction of myc-tagged Hsh155p associated with Cus1p, we used an aliquot of the total extract equivalent to 20% of that used for the immunoprecipitation (lane 1). Comparison of this signal to that observed in the anti-Cus1p immunoprecipitate (lane 2) indicates that more than half and possibly all of the input myc-tagged Hsh155p is immunoprecipitated by the anti-Cus1p antibody. Because a much larger fraction of input Hsh155-myc protein than U2 RNA is associated with Cus1p, it seems likely that the interaction between the proteins does not require U2 RNA. The interaction is specific, since immunoprecipitation with preimmune serum did not result in coimmunoprecipitation of Hsh155-mycp (Fig. 2B, lane 3) . The association of Cus1p with Hsh155p (Fig. 2B) , together with the interaction between Cus1p and Hsh49p (Fig. 1B and C) (26) , significantly extends the parallels in subunit composition between the yeast and mammalian SF3b complexes.
Cus1p is associated with intermediates and products of splicing. To explore the association of Cus1p with the premRNA during splicing, we immunoprecipitated splicing reaction mixtures containing radiolabeled pre-mRNA (Fig. 2C) . Cus1p is associated with the pre-mRNA substrate, the splicing intermediates (free exon 1 and lariat intermediate), and the splicing products (spliced exons and lariat intron), as demonstrated by the coimmunoprecipitation of these RNAs with Cus1p (Fig. 2C, lane 3) . This association is specific, since immunoprecipitation with preimmune serum (Fig. 2C, lane 2) or antihemagglutinin antibody (Fig. 2C, lane 5) did not efficiently precipitate pre-mRNA or any intermediates or products of splicing. Oligonucleotide ablation of U2 snRNA in the splicing reactions prior to immunoprecipitation demonstrated that interaction of Cus1p with pre-mRNA is dependent upon the presence of U2 snRNA (Fig. 2C, lane 4) . These data indicate that Cus1p is accessible to the antibody in spliceosomes at various stages of the splicing reaction. The immunoprecipitation of intermediates and products of splicing by anti-Cus1p antibodies is in contrast to similar experiments with Prp9p, Prp11p, and Prp21p. These homologs of mammalian SF3a components have been demonstrated to coimmunoprecipitate only pre-mRNA and have been considered to be destabilized or lost from the spliceosome or shielded from antibodies before the first step of splicing (1, 2, 4, 36, 42) .
Splicing in heat-inactivated temperature-sensitive Cus1p extracts can be rescued by extracts depleted of U2 snRNA. To explore the biochemical role of Cus1p in splicing, we began to develop assays that depend on Cus1p function. Extracts made after repression of Cus1p expression using a GAL:CUS1 gene do not support splicing complex formation in vitro, and a small but reproducible rescue of prespliceosome formation occurs after addition of partially purified Cus1p-containing fractions from yeast extracts (43) . Because splicing is poorly reconstituted in a genetically depleted Cus1p extract, we were concerned that secondary effects of CUS1 repression might hinder efforts to reconstitute Cus1p activity. To circumvent this difficulty, we isolated temperature-sensitive Cus1p mutants and made splicing extracts that could be heat inactivated (Fig. 3) . Preheating of extracts derived from one temperature-sensitive mutant, the cus1-3 mutant, specifically inactivated splicing (Fig. 3A, lane 4 ; see Fig. 1A for sequence changes in the cus1-3 mutant) and prespliceosome formation (Fig. 3B, lane 4) . Commitment complexes (Fig. 3B) still appear in the heated mutant extracts, consistent with a role for Cus1p after commitment complex formation but before or during prespliceosome formation (43) .
The addition of recombinant Cus1p alone does not rescue splicing or prespliceosome formation in the heat-inactivated cus1-3 extract (data not shown). This suggests that execution of Cus1p function requires additional factors, for example, the other yeast SF3b-like proteins, which may not freely diffuse from inactivated cus1-3p-containing mutant complexes. To determine whether the addition of wild-type Cus1p in some form could rescue heat-inactivated cus1-3 extracts, we prepared wild-type extracts depleted of functional U2 snRNA by oligo- nucleotide-directed RNase H digestion of U2 RNA (Fig. 4) . Such extracts do not splice (Fig. 4, lane 6 ) because they lack intact U2 snRNA (33); however, they can reconstitute splicing when mixed with heat-inactivated cus1-3 extracts (lane 3). Complementation is not efficient, as indicated by the reduced levels of the lariat product and lariat-exon 2 intermediate migrating more slowly than the pre-mRNA substrate. This inefficiency may be due to a loss or dilution of a general splicing factor or to the formation of denatured Cus1p that may inhibit splicing, because the same low efficiency is observed with wildtype extracts treated with an irrelevant oligonucleotide (mock treated) (Fig. 4, lane 4) . Despite this, extracts containing disintegrated U2 snRNPs retain significant Cus1p activity that can exchange with that of the intact U2 snRNA from the cus1-3 extract. Together with the efficient association of Hsh155p with Cus1p (Fig. 2) , this result suggests that yeast Cus1p activity exists in a complex with Hsh155p that can exchange with U2 snRNA under splicing conditions. Cus1p complementing activity is associated with Hsh155p and U2 snRNA under splicing conditions. To study the properties of the factor that complements Cus1p function in vitro, we fractionated splicing extracts derived from the Hsh155-myctagged strain by gel exclusion fast protein liquid chromatography in a buffer containing 150 mM KCl (Fig. 5 ). Fractions were added to heat-inactivated cus1-3 splicing extract and assayed for complementation of splicing (Fig. 5A) . Most of the rescuing activity chromatographed as a broad peak (Fig. 5A, lanes 5  to 8) , with an apparent native molecular mass of 669 kDa to 2 MDa as estimated by comparing its K av determined from the elution volume with the values obtained for several globular protein calibration standards and by the known upper limit of separation for the Superose6 column (2 MDa). Western blot analysis of these fractions using the anti-Cus1p antibody demonstrates that they contain Cus1p (Fig. 5B, fractions 18 to 24) . These same fractions were also blotted and probed with the anti-myc antibody in order to detect Hsh155-mycp (Fig. 5B) . Hsh155-mycp was also found in the fractions that reconstitute splicing (fractions 18 to 24). The Cus1p antibody is barely able to detect the protein at the levels we recover from the column fractions (data not shown), and only peak fractions have detectable levels of protein. The level of Cus1p in the weakly complementing fractions of Fig. 5 (28 and 30) is below the level of detection of the antibody. The anti-myc antibody that recognizes epitope tag at the C terminus of Hsh155-mycp is much more sensitive, so some side fractions may appear to contain 155 but not Cus1p. Fraction 16 is problematic, because it appears to contain aggregated protein, including nucleases and proteases that differentially influence the recovery and analysis of RNA and tagged protein in different experiments (data not shown). RNA was extracted from the fractions and assayed by primer extension for the presence of U2, which is also present in fractions where the reconstituting activity is found (Fig. 5B,  lanes 18 to 26) . Given the large size of this complex, and the identity of components found in these fractions, it seems possible that the rescuing factor in this experiment is the U2 snRNP itself.
Cus1p-complementing activity remains associated with Hsh155p but not U2 snRNA under high-salt conditions. Although most of the complementing activity migrates as a large complex in 150 mM KCl, in some experiments a small amount of complementing activity could be observed in fractions 28 to Fig. 5A, lanes 11 and 12) . This activity is very weak and migrates with an apparent mass of between 232 and 669 kDa. Although not present in sufficient amounts to be detectable on Western blots by our anti-Cus1p antibody, the more avid antimyc monoclonal antibody detects small amounts of Hsh155-mycp in these fractions. To test the idea that these fractions represent Cus1p-containing complexes that dissociate from U2 snRNP, and to evaluate the salt sensitivity of the association of the Cus1p complex with U2 RNA, splicing extracts from the Hsh155-mycp strain were fractionated in the presence of 500 mM KCl (Fig. 6 ). Under these conditions, the majority of the complementing activity is present in fractions 26 to 30, but splicing is inefficient. (The mRNA product and exon 1 intermediates are obscured. Refer to lariat intermediate and product.) This activity has an apparent mass of 232 to 669 kDa (Fig.   6A, lanes 9 to 14) , similar to the very minor peak observed under low-salt conditions. This value is larger than that expected for Cus1p alone (50 kDa), providing biochemical evidence for a salt-resistant complex containing Cus1p activity. Indeed, Western blot analysis of these fractions shows that Cus1p and Hsh155-mycp fractionate with the reconstituting activity (Fig. 6B, fractions 24 to 30) . Because the amounts of Cus1p in the peak fractions are near the detection limit of our anti-Cus1p antibody, quantitation of the Cus1p signal is not reliable. Furthermore, because the anti-myc antibody is much more sensitive, the signals arising from the two proteins cannot be compared directly. Because of this, we can only qualitatively assign Cus1p to a subset of fractions containing Hsh155-mycp, and in every case all fractions that contain abundant Hsh155- Hsh155p-myc extract was separated over a Superose6 sizing column in the presence of 500 mM KCl, added to heat-inactivated cus1-3 extracts, and assayed for splicing. Lane 1, pre-mRNA; lane 2, wild-type extract; lane 3, cus1-3 extract at 22°C; lane 4, cus1-3 extract at 36°C; lanes 5 to 14, heat-inactivated cus1-3 extract incubated with fractionated Hsh155p-myc extract from even-numbered fractions; lane 15, markers. (B) Profiles of U2 snRNA, Cus1p, and Hsh155p in Hsh155p-myc extract fractionated at 500 mM KCl. RNA was extracted from even-numbered fractions and used in primer extension analysis with an oligonucleotide complementary to U2 snRNA. Cus1p and Hsh155p in Hsh155p-myc extract fractionated at 500 mM KCl were detected by using even-numbered fractions loaded onto 10% acrylamide gels, transferred, and blotted with antiCus1p antibodies or anti-Myc antibodies.
(
mycp also contain Cus1p. Although this suggests that the two proteins are together in a single complex, it is formally possible that they are each in different complexes that comigrate on the column. Analysis of the RNA in these fractions shows that most of the U2 snRNA still migrates in the larger fractions (Fig. 6B , fractions 18 to 24), consistent with the very large mass of yeast U2 snRNA (387 kDa) plus additional proteins (15) . This result indicates that in 500 mM KCl, the cus1-3p-complementing activity is no longer associated with the bulk of U2 snRNA. We conclude that increasing the salt concentration from 0.15 to 0.5 M releases a functional protein complex containing Cus1p and Hsh155p from a larger complex that may represent a form of the U2 snRNP.
DISCUSSION
Understanding snRNP function will require knowing how snRNP proteins and splicing factors interact with RNA during spliceosome assembly and splicing. Building on the identification of the splicing factor Cus1p in a U2 RNA suppressor screen (43), we found that the most widely conserved parts of Cus1p are those essential for function in yeast (Fig. 1A ). An 82-amino-acid region within the essential part of Cus1p is sufficient for binding to another evolutionarily conserved splicing factor, Hsh49p (Fig. 1B) . Anti-Cus1p antibodies coimmunoprecipitate U2 snRNA as well as pre-mRNA and the intermediates and products of the splicing reaction, demonstrating that Cus1p is present in the spliceosome and accessible to antibodies throughout the splicing process ( Fig. 2A and C) . A new interaction between Cus1p and Hsh155p, the homolog of human SAP155 (Fig. 2B) , establishes an important functional parallel between the structurally similar yeast and human proteins. Gel exclusion chromatography of splicing extracts under different ionic conditions shows that functional Cus1p-complementing activity contains both Cus1p and Hsh155p, suggesting that rescue is mediated by a Cus1p complex that also contains Hsh155p (Fig. 5 and 6 ). Considering the binding between Hsh49p and Cus1p ( Fig. 1B and C) (26) , and the association of Cus1p with Hsh155p (Fig. 2B) , we conclude that a complex of yeast proteins similar to mammalian SF3b is required for the association of the U2 snRNP with the assembling spliceosome (Fig. 7) . The dynamic salt-sensitive behavior of this protein complex with respect to its association with U2 snRNA also seems similar to that observed for mammalian SF3b (8, 12) , suggesting that the underlying features of the splicing apparatus that lead to this phenomenon are conserved as well.
Cus1p function in splicing. Cus1p was identified as a suppressor of U2 snRNA mutations in yeast. A glutamate at position 181 in the wild-type protein is changed to a lysine, somehow accelerating the rate of prespliceosome formation at low temperature in extracts containing mutant U2 RNA (43) . Extracts made from strains in which the expression of Cus1p is repressed have been difficult to complement; however, extracts made from the temperature-sensitive cus1-3 strain could be heat inactivated (Fig. 3) and complemented with splicing extract fractions of different types (Fig. 4 to 6 ). The defect in the heat-inactivated temperature-sensitive extracts (failure to form prespliceosomes) (Fig. 3) is the same as that observed in the genetically depleted extract (43) , and thus both results indicate that the earliest function of Cus1p in the splicing pathway is at the step of U2 snRNP addition to the commitment complex to form the prespliceosome. Since Cus1p remains associated with the spliceosome throughout splicing (Fig. 2) , there could be additional functions of Cus1p at later steps of splicing.
Cus1p binds the pre-mRNA substrate in active splicing extracts, and this binding is dependent on intact U2 snRNA (Fig.  2) . This argues that Cus1p does not act by binding to the pre-mRNA before it becomes associated with U2, although the possibilities that Cus1p binds pre-mRNA in an unstable fashion and that U2 snRNP is required to stabilize that interaction cannot strictly be ruled out. Based on gel exclusion chromatography in high-salt conditions, the protein that rescues heatinactivated cus1-3 splicing extracts is much larger than the 50 kDa expected for monomeric Cus1p, a result consistent with the expectation that Cus1p is a subunit of a protein complex. Since other yeast U2 snRNP proteins remain associated with U2 snRNA in up to 0.3 M KCl (15), it seems likely that the Cus1p complex dissociates under high-salt conditions from a core U2 snRNP containing the high-salt-stable proteins and reassociates at lower ionic strengths in order to participate in spliceosome assembly (Fig. 7) . Precisely how Cus1p helps U2 snRNP assemble into the complex and especially how the Cus1-54p suppressor protein enables mutant U2 RNA to participate in this reaction at a normally nonpermissive temperature remain to be determined.
Other proteins in the Cus1p complex. Cus1p interacts with a number of other proteins. Hsh49p binds Cus1p in vitro, through the first RNA recognition motif of Hsh49p (26) , and through amino acids 229 to 311 of Cus1p (Fig. 1) . Although we have not provided direct evidence that Hsh49 is present in the fractions that rescue heat-inactivated cus1-3 extracts in vitro, the robust nature of the protein-protein interaction suggests that binding of these two proteins to each other is important for their function, and in both proteins the minimum binding domain includes essential amino acids. Thus, Hsh49p is a likely component of the functional Cus1p complex. FIG. 7 . A model for salt-labile interaction of Cus1p-containing complexes (ySF3b) during activation of the U2 snRNP for intron recognition and spliceosome assembly in yeast. I, IIa, and IIb, conserved stem-loops of U2 snRNA; Sm, core Sm protein complex of the snRNP. Other individual proteins are named by their gene names, followed by a lowercase p. Proteins that remain associated with U2 in high salt are described in reference 15.
Anti-Cus1p antibodies coimmunoprecipitate nearly all of the tagged Hsh155p present in splicing extracts (Fig. 2B) , indicating that most if not all of Hsh155p is bound directly or indirectly to Cus1p, at least at 150 mM NaCl. All rescuing fractions contain both Cus1p and Hsh155p (Fig. 5 and 6) , consistent with the coimmunoprecipitation. Taken together, the coimmunoprecipitation and cofractionation results support the interpretation that Hsh155p is part of the Cus1p complex (Fig. 7) . Because we have not yet shown that we can coimmunoprecipitate Cus1p and Hsh155-mycp from the complementing fractions of the 0.5 M KCl fractionation, we cannot discern whether the two proteins are together in a single complex or in two different, similarly sized complexes. Future work will address the composition of the functional Cus1p complex in these fractions with respect to the presence and direct physical association of Hsh155p, Rse1p, and Hsh49p with Cus1p and each other. Since the human homologues of these three yeast proteins form part of the SF3b complex in mammals, we propose that the Cus1p complex we observe ( Fig. 5 and 6 ) is equivalent to yeast SF3b. The yeast splicing factor Rse1p is equivalent to mammalian SAP130, the fourth subunit of mammalian SF3b (16, 18, 44) . Rse1p is associated with U2 snRNA in a saltsensitive fashion and is required for prespliceosome formation, properties expected of a yeast SF3b subunit (16) . The sum total of the predicted masses of the proposed yeast SF3b subunits Cus1p, Hsh49p, Hsh155p, and Rse1p is about 336 kDa, a value consistent with the migration of cus1-3p-complementing activity by gel exclusion chromatography in 0.5 M KCl (Fig. 6) . The limited resolution of the analysis thus far does not allow us to determine whether other proteins are also present in the functional Cus1p complex.
Relationship of the Cus1p complex to mammalian SF3b. The splicing factor SF3b binds to 12S U2 snRNP to create the 15S U2 snRNP, which is then competent to bind the SF3a complex to create the 17S U2 snRNP, the form that participates in spliceosome assembly (8, 12, 30) . Human SF3b (hSF3b) contains four major proteins: SAP155, SAP130, SAP145, and SAP49 (29) . The corresponding proteins of ySF3b are Hsh155p, Rse1p, Cus1p, and Hsh49p (references 16, 19, 26, 29, 37, 41 , and 43 and present study). Similarity in the amino acid sequences between the corresponding human and yeast proteins varies for the different subunits and ranges from 50 to 25% identity and 70 to 40% similarity, indicating that some of the subunits are more constrained than others to maintain the function of the complex. The human 17S U2 snRNP forms under low-salt conditions and contains nine additional proteins that the high-salt-stable 12S U2 snRNP lacks, and four of these represent the SF3b complex (8) . In yeast extracts, complexes containing at least Cus1p, Hsh155p, and U2 snRNA (Fig. 2) or Rse1p and U2 snRNA (16) are detectable under low (150 mM)-salt conditions, whereas under high-salt conditions, the U2 RNA cannot be detected. Furthermore, the functional Cus1p complex migrates away from U2 snRNA on gel exclusion columns under high-salt conditions (Fig. 6 ) but must depend on U2 snRNA to participate in spliceosome assembly (Fig. 2) during active splicing in reconstituted extracts (Fig. 6) . Thus, the association of SF3b with U2 snRNA is salt labile in both systems. Once assembled into spliceosomes, the hSF3b proteins remain near the pre-mRNA sequences until after the second catalytic step of splicing, as assayed by cross-linking (9, 19, 38) . In yeast, Cus1p remains bound to pre-mRNA until after the second step, as assayed by coimmunoprecipitation of substrate RNA (Fig. 2C) . Cross-linking of Hsh155p to sequences near the branch site of a yeast pre-mRNA is also observed following prespliceosome formation (D. S. McPheeters and P. Muhlenkamp, unpublished data). Thus, in both systems, the SF3b subunits appear to become integral components of the spliceosome once the U2 snRNP is recruited to the branch point.
Salt sensitivity may seem simply a convenient phenomenon by which to categorize the behavior of protein factors; however, its conservation in two diverse systems may betray a deeper biological significance. A specific association between factors that can be broken by raising the salt slightly above physiological levels may indicate that the association itself may be physiologically dynamic. If such an association can be controlled by small shifts in ionic strength, then it may be controlled physiologically by protein modification, for example, phosphorylation. If there is a functional reason for controlling the association of SF3b with U2 snRNP, it is sufficiently important to have been conserved in evolution. Future experiments to address how and why the association of SF3b with U2 snRNP may be controlled are needed.
